BACKGROUND/OBJECTIVES: The obesity epidemic appears to be driven in large part by our modern environment inundated by food cues, which may influence our desire to eat. Although insulin decreases food intake in both animals and humans, the effect of insulin on motivation for food in the presence of food cues is not known. Therefore, the aim of this study was to evaluate the effect of an intravenous insulin infusion on the brain response to visual food cues, hunger and food craving in non-obese human subjects. SUBJECTS/METHODS: Thirty-four right-handed healthy non-obese subjects (19F/15M, age: 29 ± 8 years.; BMI: 23.1 ± 2.1 kg m − 2 ) were divided in two groups matched by age and BMI; the insulin group (18 subjects) underwent a hyperinsulinemic-euglycemicclamp, and the control group (16 subjects) received an intravenous saline infusion, while viewing high and low-calorie food and non-food pictures during a functional MRI scan. Motivation for food was determined via analog scales for hunger, wanting and liking ratings. RESULTS: Food images induced brain responses in the hypothalamus, striatum, amygdala, insula, ventromedial prefrontal cortex (PFC), dorsolateral PFC and occipital lobe (whole brain correction, P o 0.05). Wanting (P o 0.001) and liking (P o 0.001) ratings were significantly higher for the food than the non-food images, but not different between insulin and saline infusion groups. Hunger ratings increased throughout the MRI scan and correlated with preference for high-calorie food pictures (r = 0.70; P o0.001). However, neither brain activity nor food cravings were affected by hyperinsulinemia or hormonal status (leptin and ghrelin levels) (P = NS). CONCLUSIONS: Our data demonstrate that visual food cues induce a strong response in motivation/reward and cognitiveexecutive control brain regions in non-obese subjects, but that these responses are not diminished by hyperinsulinemia per se. These findings suggest that our modern food cue saturated environment may be sufficient to overpower homeostatic hormonal signals, and thus contribute to the current obesity epidemic.
INTRODUCTION
The United States is currently facing an obesity epidemic, with more than two-thirds of adults being overweight or obese. 1 Obesity prevalence has steadily increased in the last four decades; 2 which has been ascribed to our modern western lifestyle with easy access to and consumption of high-calorie (HC) foods together with diminished physical activity, 3, 4 leading to accumulation of fat stores and hence obesity. In addition, we are continuously surrounded by food-related stimuli (especially visual stimuli) aimed at influencing our desire to eat. 5 Viewing of food commercials has been reported to increase food intake in both children and adults. 6 Furthermore, increased television 7 and outdoor advertisements 8 have been associated with higher prevalence of adiposity. Thus, such food-related stimuli may serve to promote food cue reactivity and food intake, leading to weight gain and obesity.
Circulating nutrients and hormones can directly modulate specific central nervous system (CNS) neurons conveying information about peripheral energy status. 9, 10 The CNS receives input about fuel availability (glucose and fatty acid levels) and changes in circulating hormones emanating from the gut, beta cell and adipose depot. The CNS integrates these internal (homeostatic) and external signals (time of the day, food availability and social context) to eventually determine motivation for food and eating behavior. Specific CNS regions appear to have an important role in this process including: the hypothalamus (feeding centers), limbic system (desire to eat/pleasure), striatum (regulation of motivation and generation of rewarding feelings/sensations), frontal cortex (motivation and executive-control) and motor areas (seeking food behavior and driving the physical act of eating). 11 However, how the CNS specifically processes metabolic and hormonal signals from the periphery and environmental cues to ultimately determine food intake is not well established.
A variety of hormones including insulin, leptin, GLP-1 and ghrelin influence eating behavior directly. 9, 10 Circulating insulin in response to food ingestion, in particular, has been reported to influence food intake in animals. [12] [13] [14] Specifically, insulin acts as a satiety hormone by binding to insulin receptors on neurons regulating feeding, such as the arcuate nucleus of the hypothalamus to promote weight loss. 15 In human studies, intranasal insulin has been reported to increase satiety and decrease food intake. 16, 17 It is noteworthy, however, that peripheral delivery of insulin using the hyperinsulinemic-clamp technique has yielded opposite results on eating behavior. 18 However, these studies were not done in the context of food cues, which are ubiquitous in real-life settings. Thus, the effect of circulating insulin on food motivation and intake in the presence of a visual food stimuli remains to be determined in humans.
This study was undertaken to assess insulin's capacity to modify the CNS response to a visual food stimulus. For this purpose, we used functional magnetic resonance imaging (fMRI) while participants viewed HC and low-calorie (LC) food and non-food (NF) pictures and then responded to food motivation visual analog rating scales (VAS); a well-established methodological approach for evaluating CNS responses and eating behavior in humans. [19] [20] [21] [22] Previous studies in healthy individuals have shown that visualization of HC food pictures affects neuronal activation of the dorsal/ ventral striatum, orbital frontal cortex and insula; 22 brain areas associated with reward motivation, emotional decision and taste perception, respectively. 23 However, how insulin per se acts in this setting remains uncertain. Therefore, this study tested the hypothesis that insulin would diminish brain responses to food pictures in healthy non-obese individuals.
MATERIALS AND METHODS

Study participants
Thirty-four right-handed, non-obese, healthy subjects participated in this study. Subjects were randomly assigned to two groups that were age, body mass index (BMI), hemoglobin A1c and education-matched (Supplementary Table 1 ). The (1) insulin group (INS): 18 subjects (8 males/10 females, age: 30 ± 7 years; BMI: 23.6 ± 2.1 kg m − 2 ) underwent a hyperinsulinemic-euglycemic clamp and (2) Saline Group (SAL): 16 subjects (7 males/9 females, age: 29 ± 8 years; BMI: 22.4 ± 2.0 kg m − 2 ) received an intravenous (IV) saline infusion (SAL group) while in a MRI scanner. Before the study, participants had a screening visit at the Yale Hospital Research Unit. Subjects with any major medical disorder, that consumed a vegetarian diet or with contraindications for a MRI scan were excluded. Women were studied either in the follicular or the luteal phase of their menstrual cycle and the date of their last menstrual cycle and use of birth control pill was recorded (no statistically significant group differences were observed, P = 0.313; Supplementary Table 2 ). All participants had a hemoglobin A1c (5.3 ± 0.3%) within the normal range 24 and gave written informed consent. The Human Investigation Committee from the Human Research Protection Program at Yale University approved this study.
Study design
Participants that qualified for the study were invited to come to the Yale Magnetic Resonance center for the fMRI session in conjunction with an insulin-clamp or saline infusion. At 1030 hours, all subjects were fed a small meal consisting of a turkey sandwich, apple and artificially sweetened, zero calorie soda. Participants were instructed to eat the whole meal with the goal to keep them in a neither hungry nor full state, as previously described. 21 Before the study, a catheter was inserted into an antecubital vein for infusion of insulin and glucose. A second catheter was placed in the opposite arm for blood sampling and kept patent with an isotonic saline infusion. One hour before the scan, they received orientation about the fMRI task and completed a brief practice task using a portable computer (15 min) . At 1230 hours, subjects were transferred to the MRI suite for the combined fMRI-infusion procedure (Figure 1 ). Inside the MRI scanner participants received a continuous IV infusion of either insulin (2 mU kg − 1 per min) or saline (75 ml per hour). The INS group received a variable glucose infusion with the goal to maintain plasma glucose at 95 mg dl − 1 , as previously described. 25 Blood samples were taken for glucose and hormone measurements at baseline (before starting the IV infusions) and before and after each blood oxygen level-dependent (BOLD) session. Although in the MRI scanner, BOLD acquisitions were obtained while subjects looked at images of HC and LC food and NF (neutral) pictures. The pictures were presented through a liquid crystal display panel mounted on the head coil. The fMRI-infusion studies lasted~2 h.
Visual stimuli E-Prime software (Psychological Software Tools Inc., Sharpsburg, PA, USA) was used for presentation of visual stimuli that consisted of 168 pictures of food (56 HC; 56 LC) and 56 NF pictures. The task was divided in two sessions, and each session comprised of four functional runs. Each run consisted of 21 HC food, 7 LC food 7 and NF 7 pictures. Levels of emotional valence were commensurable across condition (HC versus LC), runs and sessions. The description of the pictures, emotional valence and calorie content of the food pictures have been described previously. 21 Each picture was shown only once and presented in a randomized order ( Figure 1 ).
Functional MRI task
Event-related fMRI design was used for the visual stimuli task, where each trial consisted of three events: picture viewing, rating and inter-stimulus interval. The first event was the presentation of either food or NF pictures for 6 s in the computer screen. Subsequently after the presentation of each picture, VAS of liking and wanting ratings were displayed in the computer Figure 1 . Study Procedure (Event-related fMRI design). Thirty-four subjects underwent either a hyperinsulinemic-euglycemic clamp (n = 18) or a normal saline infusion (n = 16) while in an MRI scanner. The scan consisted of two sessions of functional MRI using BOLD signaling. During each session, 4 runs of 21 pictures (7 HC Food), 7 LC Food and 7 NF) in random order were projected onto a screen in the scanner. Right after a picture presentation (6 s), subjects were shown a visual analog scale and given 3 s each to rate their wanting and liking for the item in the picture on a scale of 1 ('not at all') to 9 ('very much'). Immediately before and immediately after each session (time points 1, 2, 3 and 4), the subjects were presented with a rating scale and asked to rate their hunger on a scale of 1 ('not at all hungry') to 9 ('extremely hungry').
screen. The first VAS asked the volunteers to rate 'how much do you like the item shown in the picture?' and the second VAS asked 'how much do you want the item shown in the picture'. Participants selected a number from 1 to 9 on the VAS (1 = 'not at all'; 9 = 'very much') using a MRI-compatible button box. Finally, to relax between the trials, a blank screen with a fixation cross was presented with jittered inter-trial time interval from 3-9 s (average = 6 s). For hunger ratings, a similar VAS was performed before and after each BOLD session (approximate time points: 15, 45, 65 and 120 min). 
Functional MRI acquisition
Biochemical analysis
The plasma glucose concentration was determined by the glucose oxidase method (YSI, Yellow Springs, OH, USA). Plasma insulin, ghrelin, leptin and glucagon (Millipore, St. Charles, MO, USA), and cortisol (Diagnostic Products Corp, Los Angeles, CA, USA) were measured by double-antibody radioimmunoassay.
Statistical analysis
Subject characteristics and metabolic parameters. Statistical analyses were performed using IBM SPSS version 19.0 (Chicago, IL, USA). All values represent the mean ± s.d., unless otherwise specified. Comparisons within subjects were determined by paired-sample t-test, and between subjects by independent-sample t-test for equality of means. Two-way repeatedmeasure ANOVAs were performed to identify between-group differences in food motivation ratings for liking, wanting and hunger. Then, within each group, one-way repeated-measure ANOVA was conducted. Correlations between eating hunger and food preference were determined by Pearson correlation.
Functional MRI analysis
The digital data (Digital Imaging and Communication in Medicine (DICOM)) was converted to analyze data by XMedCon 26 where the first 3 images were discarded to enable the signal to achieve steady-state equilibrium between radio-frequency pulsing and relaxation leaving 195 images per slice per trial for analysis. Data were motion corrected using SPM5 (www.fil. ion.ucl.ac.uk/spm/software/spm5), and were discarded if linear motion was 41.5 mm or rotation was 42 degrees. For individual subject data analysis, General Linear Model was used to determine the regions with changes in signal in response to the visual task (HC, LC or NF image). The functional images were spatially smoothed with a 6 mm Gaussian kernel to account for variations in the location of activation across subjects. The output maps were normalized beta-maps, which were in the acquired space (3.44 mm × 3.44 mm × 4 mm). The Yale BioImage Suite software package (http://www.bioimagesuite.org/) 27 was used to calculate two linear and one non-linear registration. These three registrations were concatenated and applied as one registration to bring the data into a common reference brain space. The Colin27 Brain 28 in the Montreal Neurological Institute (MNI) space 29 was used as the reference brain. Data were converted to AFNI format (http://afni.nimh.nih.gov) 30 and a 2 × 3 ANOVA was used for group analysis (INS × SAL) and task (HC, LC, NF pictures) with task as the within-subjects fixed-effect factor, group (INS, SAL) as the betweensubjects factor and subject as the random-effect factor. To examine the relationship between food motivation ratings, hormone level and brain response, whole brain correlation analysis with task-related brain activity were conducted with hormone levels and eating behavior ratings using BioImageSuite. To correct for multiple comparisons, we used family-wise errors correction determined by Monte Carlo simulation using the AFNI AlphaSim program. 30 
RESULTS
Metabolic profile
The hormone levels in INS and SAL groups are shown in Table 1 . Baseline glucose levels were comparable in both INS and SAL groups (INS: 85 ± 11 mg dl − 1 and SAL: 79 ± 12 mg dl − 1 ; P = NS) and increased slightly during the pre-infusion MRI scan (INS: 93 ± 4 mg dl − 1 versus SAL: 89 ± 4; P o 0.05). As expected, during the euglycemic-hyperinsulinemic clamp (INS group) insulin levels increased significantly (P o 0.001), whereas they decreased in the control SAL group (P o 0.001). In both groups leptin levels increased slightly; whereas ghrelin levels decreased (805 ± 296 to 716 ± 253 ng ml − 1 , P o 0.05) in the INS group and increased in the SAL group (896 ± 374 to 1021 ± 429 ng ml − 1 ; P o 0.001). Insulin, glucagon and ghrelin levels were statistically different at the end of the fMRI study when comparing both groups (mixed repeatedmeasures ANOVA, P o0.005).
Food Motivation measurements
Hunger ratings. As shown in Figure 2 , hunger ratings increased significantly in both groups (repeated-measures ANOVA: INS: (F(3,51) = 8.051, P o 0.01) and SAL: (F(3, 45) = 26.314, P o0.001). Mixed repeated-measures ANOVA analysis showed no group differences for hunger by time interaction (F(3, 96) = 1.333, P = 0.27). In both groups participants reported a progressive increase in hunger (from 2.8 ± 2.0 to 5.7 ± 2.7; P o0.001). Compared with baseline, the ratings at the end of the first session were significantly increased, and thereafter sustained throughout the task (Figure 2a ). .00, P o0.001)), with greater wanting and liking ratings for the food (HC and LC) versus NF images (P o0.05); no statistical differences were detected between HC and LC images. However, there were no differences in wanting and liking ratings when comparing between the INS and SAL groups (mixed repeated-measures ANOVA for wanting (F(2, 64) = 0.028, P = 0.97) and liking (F(2, 62) = 0.101, P = 0.90) ratings in response to the visual stimuli).
Correlation analysis
Hunger X food motivation ratings. To examine relationships between hunger and specific food preference, correlation analyses were conducted. There was a strong positive correlation between mean hunger and mean wanting ratings for HC (r = 0.71; Po 0.001) ( Figure 2d ) and LC food pictures (r = 0.48; P o 0.005) (not shown). Hunger also correlated with liking HC (r = 0.55; P = 0.001) food pictures (Figure 2e ), but not liking LC food pictures (r = 0.07; P = NS). The correlation between hunger and wanting ratings for HC food pictures was significant for each of the groups, and not affected by the insulin infusion (INS: r = 0.71; P = 0.001; SAL: r = 0.57; P = 0.02).
Food motivation X metabolic profile. There were no significant correlations between hunger, wanting and liking ratings and the measured glucose and hormone levels or hormonal changes during the infusion studies (P = NS). In the INS group, but not the SAL group, mean leptin levels correlated negatively with both hunger (r = − 0.52; P = 0.03) and wanting HC (r = − 0.53; P = 0.02); but not with liking (P = NS). Furthermore, the increment in leptin levels during the MRI studies had no effect on food motivation (P = NS). The two groups were matched by gender, and the results were not affected by co-varying for gender.
Whole-Brain response Group X task effect. A group (INS, SAL) X task (HC, LC, NF) ANOVA showed no group difference or Group X Task interaction effect in response to visual cues between the INS and SAL groups after whole brain family-wise errors correction at P o0.05. The two groups had a similar brain response to visual food cues despite their distinct metabolic profile. There were also no sex-interactions ('sex by group', 'sex by task'; or 'sex by group by 6 task'). Thus, t-test results of food task effects were presented in both groups together.
Food task effect. The whole brain contrast map for food condition (HC and LC combined) relative to the NF condition, including both the INS and SAL groups (all 34 subjects) showed that food condition increased activity in the striatum (dorsal, ventral), ventromedial prefrontal cortex (VmPFC), dorsolateral PFC (DLPFC), insula, amygdala, hypothalamus and occipital lobe compared to the NF condition (Figure 3a) . A similar brain response was observed when the whole brain contrast included only the HC (Figure 3b ) and LC food pictures relative to the NF pictures ( Supplementary Figures 1 and 2) . The whole brain contrast maps Supplementary Figures 1 and 2 .
Whole-brain correlations. Hormones and food motivation ratings did not correlate with any major brain areas when both groups were analyzed together. Hunger ratings in the INS, but not the SAL group, were associated with brain responses in the medial PFC (mPFC), hypothalamus and caudate ( Figure 4) ; which are known areas involved in food motivation and feeding behavior. 11 To better understand group differences, Fisher's z transformation was implemented to convert correlation coefficient to z-scores.
Using these z-scores, there were no group differences with correction for multiple comparisons. These results suggest that the observed hunger correlation patterns may also be continuous in SAL, but more apparent in INS group.
DISCUSSION
This study demonstrates that in non-obese human subjects, in a neither hungry nor full state, visual food stimuli relative to NF stimuli induced brain responses in the hypothalamus, striatum (dorsal, ventral), amygdala, insula, VmPFC, DLPFC and occipital lobe, as measured by fMRI. As expected, in the INS group, insulin increased to levels seen in non-diabetic obese individuals after a meal; 31 whereas ghrelin (an orexigenic hormone) decreased. In contrast, insulin decreased and ghrelin levels increased in the SAL group. Despite these disparate hormonal profiles, there were no group differences in brain responses to visual food stimuli ( Supplementary Figures 1 and 2) . Food motivation (determined by hunger, liking and wanting ratings) was also not affected by hyperinsulinemia ( Figure 2 ). Hunger increased similarly in both groups (Figure 2a ) and was associated with an increased preference for HC food pictures (Figure 2d ). These results suggest that visual food cues have a strong effect on motivation for food in non-obese individuals independent of substantial changes in the hormonal homeostatic milieu.
Our findings are consistent with previous neuroimaging food cue studies. 19, [32] [33] [34] Food images increase activity in key brain areas implicated in food motivation and intake; including the hypothalamus, striatum, insula and cortical regions. 35, 36 Although, many earlier studies have taken into account the feeding status, that is, hungry versus satiated, few studies have assessed the metabolic and hormonal changes linked to the participants' response to external (environment) signals. In particular, based of animal studies, insulin appears to have a major role in modulating eating behavior, since it is secreted by the pancreas in response to food intake, crosses the blood brain barrier and binds to insulin receptors in brain regions known to modulate feeding. 37 Furthermore, intranasal insulin in humans has been reported in some studies to decrease food intake 16, 17, 38 and increase cerebral blood flow in areas involved in eating behavior. 39 However, in other studies, intranasal insulin was not found to affect hunger ratings, motivation to eat or brain activity in the presence of food stimuli, in keeping with the current data. 40 The hormonal levels observed in the INS group were consistent with those seen in an acute post-meal state, that is, increases in insulin and leptin and decreases in ghrelin. Nevertheless, there were no group differences in relation to the brain response to food pictures. These results differ from previous studies examining the effect of ghrelin on the brain response to food pictures; where fasting ghrelin, but not post-glucose load levels, correlated with brain activity in a variety of eating-related brain regions. 41 Moreover, an acute IV infusion of ghrelin increased neuronal response to food pictures. 42 We speculate that visual food cues are a particularly powerful stimulus promoting food motivation and eating behavior, which may only be further potentiated by changes in plasma ghrelin, whereas it cannot be lessened by peripheral delivery of insulin. In support of this possibility, both our self-report and brain data indicates that viewing HC food pictures has a crucial role in increased hunger during the task. Greater hunger response was significantly associated with increased wanting and liking of HC food stimuli specifically. In addition, the brain response to HC food in the medial PFC, striatum and hypothalamus positively correlated with increased hunger ratings specifically in the INS group. These regions are associated with food-related motivation and reward responses, 11 suggesting the direct impact of palatable food cues on reactivity of specific brain regions linked to feeding behavior, particularly in the setting of hyperinsulinemia. Given that we are constantly surrounded by food cues in daily life, our data are consistent with the hypothesis that environmental factors exert a particularly pronounced effect on our eating habits, favoring consumption of calorie-dense food independent of the homeostatic milieu. In keeping with this view it has been reported that food advertising influences food preference, 6 increases food intake 7 and may lead to weight gain; 8, 43 and television food commercials relative to NF commercials induce a greater brain response. 44 The brain's ability to respond to a greater extent to external food stimuli over internal homeostatic signals may have been fundamental for survival in times of scarcity and food abundance.
One of the limitations of this study is that insulin was given peripherally, rather than directly into the CNS. Insulin has been reported to decrease food intake when given by the intranasal route, 38 perhaps because intranasal insulin likely causes higher and more localized levels of insulin in feeding centers of the brain. Nonetheless, in this study, we induced similar increases in insulin as are observed in obese individuals after a meal, 31 which cause significant increases of insulin in cerebrospinal fluid. 45 Although we cannot refute the possibility that the timing when the fMRI scans were performed (between 30-120 min after initiating IV insulin infusion) may not have allowed sufficient time for insulin to reach adequate levels in the CNS; there was no time-effect on brain responses between the first and second scan sessions (repeated-measures ANOVA, P = NS). Furthermore, Page et al. 46 demonstrated that changes in circulating insulin during the first hour after oral glucose (75 g), induced changes in cerebral blood flow in the caudate and putamen. We also observed that blood glucose levels were slightly but significantly lower in the SAL in comparison with the INS group. Although reductions in blood glucose levels have been shown to promote hunger and to affect brain response to visual food cues, 47 we did not observe any differences in our two groups. In fact, we would have expected that the lower glucose levels in the SAL group would have further stimulated hunger in comparison to the INS group.
Another limitation of the study is that we did not measure actual food intake. The use of VAS to determine food motivation, such as hunger, food wanting and liking, are subjective ratings that may not be sensitive enough to identify subtle effects of hyperinsulinemia on eating behavior. Insulin has also been shown to effect food palatability, 38 most likely through its effect on the reward dopaminergic system, 48 but we did not evaluate food preference in this study. Therefore we cannot exclude that hyperinsulinemia does not alter actual food consumption and food palatability. Increased activation in each region is positively and strongly associated with an increase in mean hunger rating in this condition (Po 0.05), Monte Carlo gray matter smoothing. There were no outliers in these associations. MNI coordinates were used (whole brain corrected at Po0.05).
Insulin and food image-induced brain activation Although a within-subject study design could have strengthened our research study, we chose a between-subject design to avoid repeated exposure and habituation to the visual stimuli. We also were not able to obtain a direct measurement of insulin sensitivity during the fMRI study. Even though we performed the hyperinsulinemic-euglycemic clamp in the INS group, these studies were not performed in the fasting state precluding the use of the glucose infusion rate as an accurate measurement of peripheral insulin sensitivity. However, we do not expect that insulin resistance affected our results in these healthy BMI-and age-matched non-obese subjects. Finally, because of the small number of subjects on each group (Supplementary Table 1) , we were not able to evaluate the effect of gender on our results. Although intranasal insulin has been reported to affect eating behavior in men, but not in women, 16, 17 when the two groups were analyzed together, we did not observe any sex-interaction by group or by task on brain response. In addition, the two groups were well matched by sex, making it unlikely that gender had a major role in our results.
In conclusion, our data demonstrate that food pictures activate CNS regions involved in reward and motivation-executive control of eating behavior. Furthermore, in the presence of visual food stimuli, neither hyperinsulinemia nor other induced hormonal changes affected hunger, food preference ratings and brain activation. These results suggest that an environment inundated with food stimuli can supersede homeostatic signals and alter brain control of energy balance; promoting food intake and weight gain. This might, at least in part, explain how the modern western lifestyle is contributing to the current obesity epidemic.
